We studied the effects of residual pores on the transparency of cubic zirconia ceramics by applying Mie scattering theory. The optical haze value H, defined as the diffuse transmission divided by the total forward transmission, was calculated as a function of the pore size (r pore ) and the porosity of residual pores (V pore ) with sample thickness (t) = 1 mm. Even a small amount of pores critically affect the transparency; V pore < 5 ppm is required to maintain H value within 1%, when r pore = 0.05 µm is assumed. The theoretical study also revealed that the acceptable amount of residual pores for H = 1% gradually degreases with an increase in the refractive index of the materials.
Transparent and translucent ceramics have been studied extensively since the seminal work on translucent alumina polycrystal by Coble in the 1960s. 1 4) and Y 3 Al 5 O 12 (YAG). 5) Various optical applications of transparent ceramics have been proposed, e.g., infrared windows, 6) Nd laser host materials, 7) armor applications, 8) and optical lenses. 9) Reference 10 gives a comprehensive review of transparent and translucent ceramics.
With its large refractive index, yttria stabilized zirconia (YSZ) single crystals are widely used as artificial gem stones. YSZ ceramics crystallize into a cubic structure and are a candidate for transparent ceramics. Thus, much effort has been dedicated to fabricate transparent cubic zirconia ceramics. 9 ),11)16) Recently, we developed highly transparent 8 mol % Y 2 O 3 -doped ZrO 2 (8Y) ceramics using a novel hot isostatic pressing procedure. Table 1 lists the optical and physical properties of the transparent zirconia ceramics (8Y) as compared with typical transparent materials. 18) High transparencies with large refractive indices and dielectric constants are unique to transparent zirconia ceramics.
17)
For optical applications, such as laser host materials and lenses, high transparencies are required. As no birefringence exists at the grain boundary for a cubic crystal, residual pores are the primary scattering centers. Although many studies have addressed transparent ceramics, few papers report theoretical studies of residual pores and the resultant transparency.
17),19)21)
Thus, it is worthwhile to analyze the transparency as a function of residual pores. In the present work, we theoretically examine transparent zirconia ceramics. The effects of residual pores on the optical haze H, which is practically used for evaluating transparency, are precisely studied with the Mie scattering theory.
The transmission can be expressed by the LambertBeer equation: 19) T ¼ ð1 À RÞ 2 expðÀC sca tÞ ð 1Þ
] is the effective scattering coefficient, and t is the sample thickness. We assumed that both the in-line and total forward transmissions could be expressed by the LambertBeer equation; this assumption seems to be valid for non-multiple scattering systems. 21) The value of R was calculated using the values of the reflective index of the media (n med ) and air (n air ). Here, we calculated n med using the Sellmeier formula as a function of wavelength for
In this study, only residual pores were candidates for the scattering centers because no birefringence occurred at the grain boundary. Thus, the effective scattering coefficient of the residual pores could be expressed with the porosity and pore radius as follows:
Here, N pore is the pore density [m According to Mie scattering theory, the scattering coefficient can be calculated by an integration of the amplitude functions S 1 (ª) and S 2 (ª), the vertical and horizontal components of the scattered light, respectively.
For the in-line transmission, we integrated Eq. (4) for the region ª 1 = 0 and ª 2 = ³ while the total forward transmission was the integration of the backward scattering region, i.e., ª 1 = ³/2, ª 2 = ³. All the calculations of Mie scattering were performed using an algorithm written by Bohren and Huffman, 23) coded in Fortran. Details of the calculations are described elsewhere. 21) Diffuse transmission can be calculated as follows:
As the absolute value of transmission includes the effects of surface reflections, the optical haze value H, defined as the diffuse transmission divided by the total forward transmission, is widely used to evaluate transparency for transparent materials. The optical haze value H can be defined using the in-line and total forward transmissions.
We calculated the transmissions of transparent zirconia ceramics using the Mie scattering model as a function of wavelength, neglecting effects of surface scattering. Figure 1 shows the simulated transmissions and plots experimental data previously reported for in-line transmission.
17) The calculated inline transmission was in good agreement with the experimental data when we assumed that V pore = 13 ppm and r pore = 0.05¯m. The pore size was almost the same as that of an experimentally observed pore. 17) Although the calculated in-line transmission agrees with the experimental value above 400 nm, a large discrepancy is observed below 400 nm. The absorption edges of YSZ and Fe impurities as previously reported must be responsible for the strong absorption in the UV region.
17)
The theoretical transmission is almost constant above 400 nm whereas it gradually degreases with decreasing wavelength below 400 nm. We estimated the Abbe number to be 33.0 using the Sellmeier formula. 22) Due to the low dispersion of the refractive index, the Abbe number is larger than those of other high refractive materials.
10) The calculated optical haze values H are 4.0, 2.0, 1.1, and 0.67% for 500, 600, 700, and 800 nm, respectively. The optical haze H gradually increases with decreasing wavelength. This trend must arise from the wavelength dependence of the scattering efficiency of the diffuse transmission. In the short wavelength region, light scattering in the forward region is enhanced.
In Fig. 2 , we show the calculated in-line, total forward, and diffuse transmissions as functions of the porosity, assuming r pore = 0.05¯m. As the porosity increases, the values of the total forward and in-line transmissions decrease. On the other hand, the diffuse transmission increases with increasing porosity; a broad hump appears at 300 ppm. Finally, the diffuse transmission coincides with the total forward transmission; i.e., the in-line transmission reaches zero around V pore = 1000 ppm.
The optical haze values H are estimated to be 0.02, 0.22, 2.19, and 19.9% for 0.1, 1, 10, and 100 ppm, respectively. The H values linearly increase with increasing porosity. V pore values smaller than 5 ppm are required to maintain the H value within 1%, when we assume r pore = 0.05¯m. Figure 3 shows the relationship between the haze value H with t = 1 mm and the porosity as a function of the pore radius at 550 nm. We calculated the haze value H from 0.01 to 0.1¯m in 0.01¯m intervals. As seen in Fig. 3 , the H values strongly depend on both the porosity and the pore radius. For the same pore radius, the H value simply increases with increasing porosity, while it decreases with decreasing pore radius, assuming the same porosity. This trend is due to the pore size dependence of the effective scattering coefficient C sca . The effective scattering coefficient C sca is a function of the pore density N pore , the geometrical cross section G pore , and the scattering efficiency Q sca . Although N pore increases with decreasing pore size, Q sca decreases because less Mie scattering occurs in a small pore. 17) A recent study using the spark plasma sintering method also showed that a fine-sized pore gives less effect as compared with pores with sizes comparable to wavelength. 14) Therefore, both miniaturization of the residual pores and their elimination are favorable for promoting transparency.
In order to compare difficulty in being transparent, we systematically calculated the effects of the refractive indices of V pore =13ppm r pore =0.05µm t=1mm Fig. 1 . Calculated total forward transmission (broken line), in-line transmission (solid line), and diffuse transmission (dotted line) of transparent zirconia ceramics, assuming V pore = 13 ppm, r pore = 0.05¯m, and sample t = 1 mm. The theoretical limit using the Sellmeier formula 22) and experimental data 17) for the in-line transmission are also plotted as solid and open circles, respectively. the media on the optical haze H with t = 1mm at 550 nm. Figure 4 depicts the results, plotting the required porosities for H = 1% against the refractive indices of the media. Results of typical transparent materials are also plotted as open circles. Since the absolute value of transmissions includes the reflection loss, it is difficult to directly compare the transparencies of different materials. Thus, the optical haze shown in Fig. 4 corresponds to the net difficulty in being transparent. The required porosity decreases with increasing refractive index of the media; the required porosities are V pore = 24.9, 10.5, 10.2, 8.1, 6.8, and 4.6 ppm for SiO 2 , spinel, MgO, YAG, Y 2 O 3 , and 8YZrO 2 , respectively. This trend is due to the difference in the scattering efficiencies Q sca . Q sca increased with the refractive index of the material. The porosity values necessary to make these compounds transparent with H = 1% are almost half of those of typical transparent ceramics, such as spinel and MgO. Although there have been many attempts to prepare highly transparent zirconia 8Y, they have not been successful. The difficulty in fabricating highly transparent zirconia ceramics may be attributed to the strong scattering effect due to high refractive indices.
In summary, we studied the effects of residual pores on the transparencies of cubic zirconia ceramics by applying Mie scattering theory. The transmissions calculated from the model are in good agreement with experimental data. Even a small amount of pores critically affect the transparency; V pore < 5 ppm is required to maintain the H value within 1%, assuming r pore = 0.05¯m. Both miniaturization and elimination of the residual pores are favorable for transparency. The theoretical study also showed that the acceptable porosities for transparency decreases with increasing refractive indices of the materials. Acceptable porosity for H = 1% is almost half compared with typical transparent ceramics, such as spinel and MgO. V pore / ppm Haze value at 550 nm / % t=1mm r pore =0.01µm 0.1µm Fig. 3 . Relationship between the optical haze H and the porosity V pore as a function of the pore radius r pore at 550 nm, assuming t = 1 mm. The haze value H is plotted from 0.01 to 0.1¯m at 0.01¯m intervals. For the calculation, we assumed r pore = 0.05¯m, wavelength = 550 nm, and t = 1 mm.
